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Abstract 
 
Manufacturing processes such as welding operations cause residual stresses which are present in 
most civil structures. They create plastic deformations without any external loads and therefore 
are often overlooked during design. Nevertheless, residual stresses can have profound influences 
on the fatigue life. This is also true for orthotropic steel decks. Unfortunately, for these bridges, 
little is known about the real distribution of residual stresses due to welding. Therefore, a semi-
destructive experimental test setup is developed: hole-drilling. It became clear that near the weld 
region, the overall conclusions confirm the widely assumed tensile yield stresses. Further away 
from the weld region, the residual stresses decrease to almost zero. In conclusion, with the hole-
drilling technique, it is possible to achieve a clear pattern of the existing residual stresses near 
welded locations without really damaging the structure. This knowledge can highly improve 
future fatigue calculations.   
 
1. . Introduction 
 
Residual stresses are introduced unintentionally by almost every manufacturing process, such as 
rolling, forming, milling, welding, etc. Sometimes they are even intentionally introduced by the 
use of a surface treatment such as shot-peening in order to compensate for other types of residual 
stresses. The effect of residual stress can be either beneficial or detrimental, depending on the 
magnitude, sign and distribution of the introduced stresses. The presence of tensile residual stress 
is especially harmful due to its contribution to fatigue failure. The opposite is true for 
compressive residual stresses being present. Due to the fact that residual stress creates plastic 
deformations without any external load, it is ignored when evaluating fatigue failure, because the 
stress variations only are considered. A possible solution for this omission is the use of Linear 
Elastic Fracture Mechanics (LEFM). This fatigue assessment method allows adding an initial 
stress state to the stress variations due to an external load. This is especially true for Orthotropic 
Steel Decks (OSDs) which suffer from important fatigue problems due to the extensive use of 
welded connections. These bridge decks consist of a network of closed trapezoidal longitudinal 
stiffeners and transverse webs welded to a deck plate. They are widely used in long span bridges 
since they are extremely light weighted when compared to their load carrying capacity and are 
therefore durable and very efficient. Since the introduction of orthotropic steel decks, several 
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fatigue problems at welding details have been observed. This indicates a lack of knowledge 
concerning the fatigue behavior in these decks. 
 
2. Hole-drilling technique 
 
Various methods have been developed to measure residual stresses for different types of 
components. The three main categories for classifying residual stress measurements are: 
destructive, semi-destructive and non-destructive measuring techniques.  
A widely used process for measuring residual stresses in materials, is hole-drilling. The main 
advantage of this method is the semi-destructive character: it relies on drilling a small hole into 
the specimen which causes only limited damage that is often tolerable or easy to repair. In 
addition, this method is convenient to use, has standard procedures and has a good accuracy and 
reliability. The hole-drilling technique involves drilling a small blind hole into the test material at 
the location where the residual stresses are to be evaluated. This implies that the hole is not 
drilled through the thickness of the test material. The removal of the material results in a 
redistribution of the residual stress field in the material surrounding the hole and localized 
deformations in the test specimen. Using special Strain Gauge Rosettes (SGRs), the relieve of the 
surface strains is measured simultaneously at incremental depths.  The holes are drilled through 
the center of these strain gauge rosettes. The corresponding strains from the drilling process can 
then be evaluated at each depth with the standardized test procedure described in ASTM E837-
13a (2015). Using this test procedure, a proper precision and reliability of the residual stress 
calculation can be obtained. Figure 1 illustrates the positioning of the drilling cutter on the SGR 
and the deformation because of the hole drilling when assuming tensile residual stresses within 
the material. Due to the relaxation of the tensile residual stresses, the hole tends to expand 
horizontally with a small vertical surface rise due to the Poisson effect. The opposite behavior is 
found for the case of compressive residual stresses. 
 
Figure 1 Schematic overview of the hole-drilling technique: (a) SGR and drilling cutter of 1,6mm; (b) cross-section 
A-A before drilling; (c) cross-section A-A after drilling 
To determine the residual stress distribution close to a welded stiffener-to-deck plate connection 
of an OSD, a full-scale test specimen has been constructed with dimensions comparable with 
current OSD designs. This bridge deck is 8.2 m long and 4.1 m wide. The deck plate is supported 
by three crossbeams and two main girders. Therefore, the deck plate consists out of two spans of 
4.1 m each. The main girders are simply supported at the crossbeam locations which results in a 
configuration of six supports in total. The closed longitudinal trapezoidal stiffeners are 300 mm 
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high, 300 mm wide at the top and 125 mm at the lower soffit. The deck plate has 15 mm 
thickness while the stiffeners have 6 mm thickness. Furthermore, the connecting welds have an 
approximate throat thickness of 4 mm. Finally, no asphalt layer is added on the deck plate. A 
relative thick layer of paint is used instead to protect the OSD against corrosion. 
 
Figure 2 Schematic overview of the hole-drilling technique: (a) SGR and drilling cutter of 1,6mm; (b) cross-section 
A-A before drilling; (c) cross-section A-A after drilling 
 
Figure 2 indicates the cross-section of the chosen grid pattern for installing the different SGRs. 
This cross-section is placed in the middle of the first span of the OSD and at the second 
longitudinal stiffener. The SGRs are placed on the top and bottom of the deck plate and at the 
exterior of the longitudinal stiffener in the vicinity of the weld region. There are no measuring 
points at the inside of the stiffener because the hole drilling rig has to be perpendicular to the 
SGRs this being impossible at the inside of the stiffener. A total of 59 SGRs, two different type 
A SGRs and one type B SGRs, were used for the whole test setup. Both the type A and B 
rosettes consist of three radial strain gauges measuring strains in longitudinal and transversal 
direction as well as at a 45° angle. With these strains, the three in-plane stresses σx, σy and τxy 
can be evaluated using the hole-drilling calibration matrix from the ASTM E837-13a(2015). To 
measure strains adjacent to the weld toe, type B strain gauges rosettes are used. The arrangement 
of all three measurement grids at the same side of the hole allows for drilling as close as possible 
to the weld toe (Figure 3 b). However, this configuration increases the sensitivity to eccentricity 
errors of the hole and are therefore only used for the positions adjacent to the weld toe. All other 
hole-drilling positions are equipped with type A SGRs with a maximum hole diameter of 2 mm 
(Figure 3 a). With these types of SGRs, the three radial strain gauges are divided around the 
circumference of the drill center. According to the standardized ASTM, these SGRs are 
applicable for non-distributive stress calculations up to a depth of 1 mm. Thus, nine larger SGRs 
are used at critical points to evaluate the residual stresses at larger depth, up to 2 mm. These 
SGRs are also of the type A, but allow a maximum hole diameter of 4.1 mm (Figure 3 c). Due to 
the increase of the hole diameter and larger deformation, residual stress evaluation at larger 
depths becomes possible. 
Proceedings 
9th International Conference on Structural Health Monitoring of Intelligent Infrastructure 
August 4-7, 2019 – St. Louis, Missouri (USA) 
 
 
a     b     c  
Figure 3 Used strain gauges for the test procedure 
Finally,  the SGR spacing has to be considered. The relaxation effects of drilling a hole at the 
center of a SGR extend beyond the boundaries of the rosette. The minimum distance between 
two adjacent holes should be at least six times the hole diameter. The relaxation effect at larger 
distance is limited to less than 1 %. For this reason, not all strain gauges from Figure 2 are placed 
in the same cross-section of the OSD. In total nine cross-sections with a spacing of 50 mm are 
used to distribute all the different SGRs so the previous recommendation is valid for all 
measuring points. The use of different cross-sections is justified as the relevant residual stresses 
are those perpendicular to the weld direction. The variation of residual stresses to be measured 
do not vary considerably in the longitudinal direction as the weld quality due to the fully 
automated welding procedure should be quite the same along the entire length of the weld. In 
addition, the distribution of the nine cross-sections only enclose a weld length of 450 mm 
compared to the full weld length of 4100 mm. Therefore, the considered cross-sections may still 
be considered as being at the span center of the OSD and thus no interference of the crossbeams 
should be present. A final remark concerns the strain gauge grid. The latter is chosen to match 
both with the top deck plate grid and its bottom deck counterpart. SGRs on both sides of the deck 
plate, show identical locations, which  increases the comparability of all the measured residual 
stresses. 
A special milling guide is needed to execute the hole-drilling process (Figure 4). It has to allow a 
very precise positioning above the center of the SGRs and has to be perfectly perpendicular to 
the surface. The RS-200 milling guide allows for this precision. After global positioning of the 
milling guide, it is centered more precisely over the SGR and a high-speed air turbine is inserted, 
equipped with a carbide, inverted cone, dental bur with a diameter of 1.6 mm.  
Before the milling procedure is started, zero calibration of the strain gauge is needed. This zero 
calibration has to correspond to zero depth of the milling guide. This zero depth is reached by 
cutting through the backing material of the strain gauge and barely scratching the surface of the 
test specimen. This has to be done very carefully because the error on the zero-depth will highly 
influence the strain/stress results at larger depths. To optimize this, the milling process is 
simultaneously monitored with a USB-powered microscope with a magnification of 200x 
(Figure 4 a). The chance of missing the zero-depth is therefore minimized. In addition, the strain 
measurements are carefully monitored to notice any changes in the strains. When the strain 
values are already changed at zero-depth, too much material has already been removed from the 
test specimen and an error on the zero-depth is present. Finally, when zero-depth has been 
reached, the holes are incrementally drilled until the final depth corresponding to the used SGR. 
Depending on the used SGR, different drill sequences were used. For a drilled depth of 1 mm, 
the following sequence is used: 3 steps of 25.4 µm followed by 23 steps of 76.2 µm. For a drilled 
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depth of 2 mm, the sequence is: 4 steps of 25.4 µm, followed by 2 steps of 50.8 µm and 20 steps 
of 101.6 µm. For both sequences, the incremental steps close to the surface are as small as 
possible. This reduces the potential zero-depth errors and increases the level of detail regarding 
the near surface stresses. After the final depth has been reached, the final hole diameter is 
measured with the same microscope as for positioning the milling guide. During the incremental 
hole-drilling procedure, the strains are continuously measured with a high precision data 
acquisition system, allowing for an accuracy of ±1 μS (microstrain) or less. Furthermore, the 
strains used for the hole-drilling procedure are based on the smoothed data of the measured 
strains with a frequency of 10 Hz. More precisely, the smoothed data represents the moving 
average of the last ten measured strains. By doing this, random noise is reduced. 
 
 
Figure 4 Milling guide setup. (a) Milling guide attached to the top deck plate; (b) Milling guide attached underneath 
the deck plate; (c) Standard milling guide setup (d) Modified microscope with an additional webcam 
Normally, the milling guide is attached to the test specimen using three levelling screws, each 
equipped with a swiveling mounting pad which can be attached to uneven surfaces (Figure 4c). 
This setup has been modified to increase the time efficiently and to be able to drill as close as 
possible to the weld toe without being obstructed by the longitudinal stiffener. This includes 
using powerful V-prism magnets, inducing an attractive vertical force of 900 N connected to the 
milling guide using a 10 mm thick aluminum plate (Figure 4 a and b). Depending on the 
position, up to four magnets can be used. Due to the welding procedure used for OSDs, the deck 
plate and stiffener will have some global deformations. These deformations will however never 
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affect the planarity of the local surface below the milling guide. Therefore, assuming a flat 
surface of the test specimen, the milling guide will always be perfectly perpendicular to the 
surface and it is very easy in use, not-depending on the fast-setting-cement kit which is 
traditionally used for attaching the swiveling mounting pads. Another remark concerns the use of 
the microscope for both position the milling guide as for measuring the final hole diameter. Due 
to the insufficient space between the microscope and the observer, it was not possible to use the 
microscope at the longitudinal stiffener. Therefore, a modification was made for these particular 
cases. An adapter has been developed with a 3D-printer to fit a webcam to the eyepiece of the 
microscope (Figure 4d). As a result, the microscope readings can still be done using a laptop and 
therefore the milling guide can be used in tight spaces. 
 
Figure 5 Non-uniform stresses for the SGRs at the top deck plate 
3. Results 
 
Figure 5illustrates for example the variation of the non-uniform stresses with the depth for the 
SGRs located at the surface of the deck plate. It can be noted that all the measured residual stress 
curves have a similar trend. Only one curve (green) is off-scale, but this is due to a missed zero-
depth and therefore illustrates the importance of detecting the real zero-depth. The reason why 
high compressive near-surface residual stresses are measured is not clear. Either the abrading 
technique still introduces additional residual stresses or these stresses are present due to the 
manufacturing process (e.g. rolling). Nevertheless, this only influences a very thin surface layer. 
As the hole-drilling technique is only applicable in the linear elastic region, stresses higher than 
the yield strength are topped-off at the yield strength of 235 MPa. The near-surface stresses (G1) 
practically equal the yield strength as was already shown in Figure 5. At the final depth of 1 mm, 
it can be noted that residual stresses up to tensile yield strength are indeed present near the weld 
toe. On top of the deck plate, compensating residual compressive stresses are found. This is also 
confirmed by the larger SGRs (G3) at a final depth of 2 mm. Although the deck plate is 15 mm 
thick, an acceptable residual stress distribution can be found by using only SGRs for a depth up 
to 1 mm. Larger SGRs are necessary at those locations where the residual stresses are still not 
converging at depth of 1 mm, which is only the case at one location. All other strain gauges of 
this type confirm the earlier results. At further distance from the weld region, the residual 
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stresses decrease until very low compressive stresses are found of about 5% of the yield strength. 
Finally, the results from all SGRs are used to predict the residual stress distribution through the 
whole plate thickness. This is done by generating a contour plot using linear interpolation 
between the data points (Figure 6Fout! Verwijzingsbron niet gevonden.). It becomes clear that 
close to the weld region, yield tensile stresses are present as expected. On the right-hand side of 
the weld toe and in the deck plate, again a high tensile stress peak can be noted. In between the 
two tensile stress zones, a high compensating compressive stresses can be found in the top deck 
plate. At larger distances from the weld, the residual stresses decrease to almost zero. 
 
Figure 6 Non-uniform stresses for the SGRs at the top deck plate 
No clear distribution deeper into the stiffener can be found, as it was not possible to perform 
additional residual stress measurements at the inside of the stiffener. Therefore, for this method, 
too few data points where available. 
 
4. Conclusions 
 
Using hole-drilling as an assessment tool for determining residual stresses has many benefits. 
Due to its semi-destructive character, the existing residual stresses become visible without really 
damaging the test specimen. In addition, as it is a very sensitive analyzing tool, several 
guidelines and recommendations have been taken into account. One of the most important one, is 
the determination of the zero-depth. To eliminate a miss interpreted zero-depth, a combination of 
a live microscopic image and an adjusted minimum drilling depth and continuous measuring of 
strains should be used. In conclusion, hole-drilling allows obtaining a clear pattern of existing 
residual stresses near welded locations without really damaging the structure. This knowledge 
can highly improve future fatigue calculations, which is especially necessary for OSDs. 
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